This paper attempts to estimate the environmental Kuznets curve (EKC) in the case of France by taking the role of nuclear energy in electricity production into account. We adopt the autoregressive distributed lag (ARDL) approach to cointegration as the estimation method. Additionally, we examine the stability of the estimated models and investigate the Granger causality relationships between the variables in the system. The results from our estimation provide evidence supporting the EKC hypothesis and the estimated models are shown to be stable over the sample period. The uni-direction running from other variables to CO 2 emissions are confirmed from the casualty tests. Specifically, the uni-directional causality relationship running from nuclear energy to CO 2 emissions statistically provides evidence on the important role of nuclear energy in reducing CO 2 emissions.
Introduction
The Environmental Kuznets Curve (EKC) hypothesis claims that an inverted U-shaped relation exists between income and environmental pollu- * We would like to thank Akihisa Shibata and Kazuhiro Yuki for many helpful comments and encouragements. Samreth wishes to acknowledge the financial support from the Japan Society for the Promotion of Science (JSPS). We are solely responsible for any mistakes in this paper.
† Corresponding author. Graduate School of Economics, Kyoto University. Address: Yoshida-hommachi, Sakyo-ku, Kyoto, 606-8501, Japan. Email: roeun99@hotmail.com tion or the usage of natural resources such as forest resources. While an increase in income causes environmental pollution and the degradation of natural resources at an earlier stage of economic growth, they are ameliorated at a later stage after a certain income level. Early empirical studies demonstrate the EKC between income and environmental pollutants such as sulfur dioxide (SO 2 ), nitrogen oxide (NOx), and suspended particulate matter (SPM). 1 There is also vigorous discussion on whether the EKC for carbon dioxide (CO 2 ) emissions has been proved. CO 2 is considered to be the main source of global warming issues, attracting great attention in recent years. Countries have incentives to free-ride on the issue of reducing greenhouse gases because they spread beyond the borders to other countries. Since SO 2 and NOx lead to the direct impact on health and their polluted area is relatively limited, a country is less likely to be interested in reducing CO 2 emissions in its rapid economic development period in comparison to reducing SO 2 and NOx.
Our study focuses on the effect of nuclear power on the EKC for CO 2 emissions in France. The world demand for energy is increasing with economic growth and electricity can be produced by various resources such as oil, coal, natural gas, hydro, and nuclear power, the latter two of which exhaust little amounts of CO 2 emissions when producing electricity. Our study therefore analyses the EKC for CO 2 taking into account nuclear power generation. 2 It is interesting to analyze the case of France, which has the world highest nuclear power ratio to its entire amount of electricity produced (78%, 2003). 3 Our estimation results show that the EKC for CO 2 emissions is proven in France and the effects of nuclear energy on CO 2 emissions are significantly negative. The causality tests confirm the uni-direction running from income and nuclear energy to CO 2 emissions. The estimated results show that the turning point in the relationship between income and CO 2 emissions is within the sample period. To check the robustness, our study estimates the model, adding trade or energy consumption in addition to income and nuclear energy. While the effects of trade or energy consumption are insignificant, the EKC for CO 2 is still satisfied and the effects of nuclear power are 1 See Grossman and Krueger (1993, 1995) , Selden and Song (1994) , Suri and Chapman (1998) , and Agras and Chapman (1999).
2 Both hydropower and nuclear power generation exhaust less CO2 emissions. Our paper, however, focuses on nuclear power generation because the hydropower ratio to the total electricity produced is low in most countries except for a few nations, such as Canada, which possess plenty of water resources.
3 World Development Indicator's CD-ROM (2007) released by World Bank.
also significantly negative.
The previous literatures on the EKC related to our study are as follows. Shafik (1994) and Holtz-Eakin and Selden (1995) The structure of this paper is as follows. Section 2 discusses the estimation methodology. Section 3 provides the empirical analysis, which includes data and the estimation results. Section 4 is the conclusion.
Estimation Methodology
According to the EKC hypothesis, there is a nonlinear quadratic relationship between income and environmental pollutants. However, since other variables than income can also exist as the determinants of CO 2 emissions, the omitted variable bias may occur if income is used as the only independent variable. In order to avoid this problem, it is necessary to add other variables, which could have influence on CO 2 emissions. This study will pay attention to the effects of nuclear energy, trade, and energy consumption in addition to income.
The fraction of nuclear power generated electricity to the total electricity produced in France was 78% in 2003, which was the largest in the world. In addition, CO 2 emissions are much smaller for electricity produced by nuclear and hydro power than that of coal, oil, or natural gas.
Given the above discussion, our baseline estimation model can be written as below in logarithm version.
where co 2 is per capita CO 2 emissions; y represents per capita real GDP;
nuc stands for electricity production from the nuclear source (% of total)
and ε is the standard error term.
Based on the EKC hypothesis α 1 is expected to be positive, whereas α 2 is expected to be negative. Since nuclear energy could be a factor leading to the reduction of CO 2 emissions, α 3 is expected to be negative.
For the estimation, we use the cointegration technique as our methodol- The estimation equation (1) above can be written as an unrestricted error correction representation of the ARDL model below.
where µ t is the standard error term.
The steps of the ARDL procedure are as follows. First, the existence of the long-run relation between the variables in the system is tested. The null hypothesis of no cointegration or no long-run relationship, H 0 : than the appropriate upper bound of the critical value, the null hypothesis of no cointegration is rejected; if it is below the appropriate lower bound, the null hypothesis cannot be rejected, and if it lies between the lower and upper bounds, the result is inconclusive. In the second step, the lag orders of the variables are chosen using the Akaike Information Criteria (AIC), and the short-run and long-run models are estimated following the selected ARDL models.
In this paper, the stability tests, namely, CUSUM (Cumulative Sum)
and CUSUMSQ (CUSUM of Squares) of recursive residuals are also conducted. 4 Recently, many researchers incorporate these stability tests with the cointegration analysis due to the fact that even when the cointegration relationship is confirmed, it does not imply the stability of the estimated model. 5 Thus, the stability tests such as CUSUM and CUSUMSQ need to be conducted. Furthermore, we investigate the causal relationship between CO 2 emissions and other variables in the system as well because the information on the causality direction may be useful for policy implication.
Given the fact that other factors such as trade and energy consumption may also affect CO 2 emissions besides per capita income and nuclear energy, equation (1) will be expanded to incorporate these two factors respectively.
Trade, here, is the sum of export and import as the percentage of GDP, which should be considered as a country's openness. Previous studies such as Ang (2007) 
Estimation Results
Our analysis starts with the F-test to confirm the existence of the long-run or the cointegration relationship between the variables in equation (2) . As stated in Bahmani-Oskooee and Nasir (2004), F-test results for long-run relationships are sensitive to the number of lags set for each first-different variable in the equation. Therefore, we select the optimal lag order by using the AIC. Setting the maximum lag lengths up to 3, the results indicate that 1 is the optimal lag order. 6 F-test results of the baseline equation (2) based on the selected optimal lag order are reported in Table 1 as case 1. The F-statistic indicates that there is evidence of the long-run or cointegration relationship between the variables because it is above upper bounds of the critical values.The results of cases 2 and 3 reported in Table 1 are the results of the cases in which the baseline equation (1) is expanded to incorporate trade and energy consumption respectively. When incorporating trade or energy consumption in the baseline equation (1), the null and alternative hypotheses for conducting F-tests include the coefficient of trade or energy consumption as well. We also conduct optimal lag selection for these cases by setting the maximum lag lengths up to 3. Based on the AIC, the optimal lag order for cases 2 and 3 is 1. With this optimal lag order, case 3's F-test result also supports the evidence of a long-run or cointegration relationship among variables similar to case 1.
However, for the result of case 2, the F-statistic lies between the lower and upper bounds of critical values, indicating that it is inconclusive whether or not the null hypothesis of no cointegration relationship should be rejected. Table 3 presents the diagnostic tests: serial correlation, functional form, 7 Unit root test results can be provided upon request. The mixed results of the unit root tests also give us the incentive to use the ARDL approach instead of conventional approaches of cointegration.
8 ARDL(p, q, r, s) represents the ARDL model in which the first difference of the variables take the lag length p, q, r and s respectively. 9 Ang (2007) Note: 1. ***, ** and * are respectively the 1%, 5% and 10% of the significant level. cating that a 1% increase in electricity produced from nuclear sources leads to about a 0.27 to 0.31% decrease of per capita CO 2 emissions.
As for the long-run elasticity of CO 2 emissions with respect to income y, the estimated results are 37.215 − 3.737 ln y for case 1, 36.736 − 3.698 ln y 10 We also estimate the model in which only income and its square are included as the independent variables. The long-run result, however, indicates that all estimated coefficients are not statistically significant. for case 2 and 30.988 − 3.099 ln y for case 3, respectively. Based on these results, the logarithm income level turning points of the EKC are calculated.
The results are reported in Table 4 as ln y M AX . In all cases, although the calculated values of ln y M AX are higher than the actual turning point value of ln y, which is around 9.5-9.6, they are lower than the highest actual value over the sample period. This finding is natural given the fact that France is a developed country whose growth status is mature. 11 Our finding is consistent with that of Ang (2007). Note: 1. ***, ** and * are respectively the 1%, 5% and 10% of the significant level.
2. The numbers in parentheses are standard errors. From the above results, it is evident that a stable cointegration relationship exists among the variables in all equations. This also implies the existence of the causal relation between those variables. However, in order to identify the direction of the relationships, the causality test needs to be conducted. We apply the pair wise Granger causality test. The F-statistics and p-values in Table 5 provide the evidence of the uni-directional link running from income (GDP), nuclear energy, trade, and energy consumption to CO 2 emissions. These results imply that while economic growth causes more CO 2 emissions, any effort to reduce CO 2 emissions does not restrain the development of the economy. Our result on the uni-directional causality relationship from nuclear energy to CO 2 emissions provides the evidence of its contribution in cutting CO 2 emissions. 
Conclusion
In this paper, unlike previous studies, we estimate the environmental Kuznets curve for the case of France by taking nuclear energy in electricity production into account. Due to the fact that other factors such as international trade and energy consumption may also have impacts on CO 2 emissions, we expand our estimation model by including these factors into the model.
For the econometric technique, we adopt the autoregressive distributed lag (ARDL) approach to cointegration developed by Pesaran et al. (2001) . Additionally, stability and causality tests are also conducted.
From the estimation results, we find evidence supporting the EKC hypothesis for the case of France. The stability tests also indicate that estimated models are stable over the sample period. The impact of nuclear energy on CO 2 emissions is shown to be significantly negative in both the short-run and long-run. For the impact of trade, our results point out that it is not statistically significant in both the long-run and short-run. On the impact of energy consumption on CO 2 emissions, unlike previous studies in the case of France, we only find evidence of statistical significance in the short-run, but not in the long-run.
Our finding on the uni-directional causality relationship running from income to CO 2 emissions implies that although economic growth causes more CO 2 emissions, any effort to reduce them does not restrain the development of the economy. This result is consistent with that of previous studies. In addition, from the result of the statistical significance on nuclear energy and uni-directional causality relationship running from nuclear energy to CO 2 emissions, our study statistically provides evidence of the important role of nuclear energy in reducing CO 2 emissions.
However, it is necessary to bear in mind that nuclear power generation requires safety management costs in order to avoid any accident that may potentially damage the environment and human beings.
